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(54) [Title of the Invention] 



HEAT-RESISTANT FERRITE STAINLESS STEEL 
(57) [Abstract] 

[Purpose] To obtain a ferrite stainless steel which has excellent high-temperature strength 
and thermal fatigue resistance particularly at exhaust gas temperatures of 600 ~ 650°C ? oxidation 
resistance of up to 800°C, excellent workability, corrosion resistance in the weld zone and toughness 
and is suitable as automobile system member or exhaust gas passage member for LNG/thermal 
compound power generation. 

[Constitution] A heat-resistant ferrite stainless steel which consists of, by weight, C: 
< 0.015%, Si: 0.2 ~ < 0.8%, Mn: 0.2 ~ <0.8%, P: < 0.03%, S: < 0.002%, Cr: 1 1 ~ 14%, Ni: < 0.5%, 
Nb: 0.2 ~ 0.5%, Ti: 0.06 ~ 0.2%, N: < 0.01 5, Al: 0 ~ 0.2% and, if necessary, one, two or more of Mo: 
0.3 ~ 2%, W: 0.1 ~ 1%, V: 0.1 ~ 0.5%, B: 0.0003 ~ < 0.005%, and satisfies C+N < 0.02%, 
(Nb+Ti)/(C+N) > 20 and, in case of containing Al, Al > 2N, balance Fe and inevitable impurities. 

[Claims] 

[Claim 1] A heat-resistant ferrite stainless steel which consists of, by weight, C: < 0.01 5%, 
Si: 0.2 ~ < 0.8%, Mn: 0.2 ~ <0.8%, P: < 0.03%, S: < 0.002%, Cr: 1 1 ~ 14%, Ni: < 0.5%, Nb: 0.2 ~ 
0.5%, Ti: 0.06 ~ 0.2%, N: < 0.01 5, Al: 0 ~ 0.2%, and satisfies C+N < 0.02%, (Nb+Ti)/(C+N) > 20 
and, in case of containing Al, Al > 2N, balance Fe and inevitable impurities. 

[Claim 2] The heat-resistant ferrite stainless steel according to Claim 1 which fui-ther 
contains one, two or more of Mo: 0.3 - 2%, W: 0.1 ~ 1%, V: 0.1 ~ 0.5%, B: 0.0003 ~ < 0.005%. 

[Detailed description of the invention] 
[0001] 

[Field of industrial application] The present invention relates to a heat-resistant ferrite 
stainless steel suitable as an exhaust gas passage member of various internal combustion engines. For 



example, it is suitable as automobile system member and exhaust gas passage member for LNG/ 
thermal compound power generation using an exhaust heat recovery boiler. 
[0002] 

[Prior art] Exhaust system members such as automobile exhaust manifold, front pipe, center 
pipe (called automobile exhaust pipes hereafter), etc. are at locations in contact with high-temperature , 
combustion gas exhausted from engines, and various characteristics such as excellent workability, 
oxidation resistance, high-temperature strength, thermal fatigue resistance, etc. are required for 
materials constructing the members. However, stainless steel welded pipes have been increasingly 
used as exhaust system materials in order to respond to demands for recent enhancement of exhaust 
gas control, rise of exhaust gas temperature caused by improvement of engine performance of 
automobiles and fuel cost improvement caused by body lightening, etc. 

[0003] On the other hand, compound power generation using a exhaust heat recovery boiler 
has recently prospered in thermal power generation plants. The combustion temperature of power 
generation turbine tends to rise, 1,300°C class, 1350°C class has actually been planned and disposed 
from prior 1,100°C class, particularly, since LNG is used as a fuel. The exhaust heat recovery boiler 
for recovering heat of high-temperature exhaust gas on turbine exit side also tends to become the of 
high-temperature. For example, exhaust gas temperature that was previously around 550°C is 
increased by about 100°C and becomes around 650°C. 

[0004] Austenite stainless steels have excellent heat resistance and workability, weldability. 
SUS304 (18Cr-8Ni), SUS310S (25Cr-20Ni), etc. are cited as a typical species. However, the 
austenite stainless steel has a large thermal expansion coefficient and is easily damaged due to 
thermal fatigue caused by heat distortion in use, where severe heat-cooling cycles occur, such as in an 
automobile exhaust pipe. 

[0005] The exhaust heat recovery boiler for LNG/thermal compound power generation 
generally adopts a daytime running-nighttime stop operating mode except for a power consumption 
peak period, such as mid-summer, etc. Accordingly, if an austenite stainless steel is used in an 
exhaust heat passage member, e.g., a lined duct, etc., there is a danger of deformation due to heat 
distortion since the thermal expansion coefficient is large. 
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[0006] On the other hand, ferrite stainless steel has a smaller thermal expansion coefficient 
than an austenite stainless steel, and is more favorable when used in an automobile exhaust gas pipe 
or lined duct, etc. than austenite stainless steel because fatigue failure and deformation caused by heat 
distortion may be avoided and the price is low. 

[0007] Although the ferrite stainless steel is inferior to the austenite stainless steel in the 
aspect of heat resistance, especially creep strength, as described above, it is said to be suited to 
structural members for which the creep strength is not so required by best use of the advantages of 
small thermal expansion coefficient and low price. SUH409L (12Cr-Ti) has heretofore generally 
been used as heat-resistant ferrite stainless steel. However, a material having more excellent 
high-temperature strength and creep strength has been desired with the rise of exhaust temperature of 
automobile exhaust system and exhaust heat recovery boiler. 

[0008] Moreover, about 10% of moisture and about 5% of carbon dioxide are contained in 
an exhaust gas of the exhaust heat recovery boiler for LNG/thermal compound power generation, 
with regard to the dew point corrosion at the running stop caused by the condensed water, and 
particularly, corrosion resistance improvement in weld zone has been desired. 

[0009] [High-temperature ferrite steel which consists of C: < 0.05%, Si: 1 .0 ~~ 2.0%, Mn: < 
2%, Cr: 6 ~ 25%, Mo: < 5% (however, Cr+Mo > 8%), N: < 0.05%., Al: < 0.5%, one or more of Ti, Zi\ 
Ta, Nb (however, C, N of all of Ti, Zr, Ta, Nb are in stoichiometric quantities necessary for carbides 
and nitrides) and Nb: 0.1 ~ 0.3% (preferably > 0.2%) uncombined (solid-dissolved) Nb and having 
periodic oxidation resistance and creep strength] is disclosed in Japanese Laid-Open S60-.1 45359. 

[0010] It has been mentioned in the same publication that the addition of Si is effective for the 
periodic oxidation resistance, and the existence of > 0.1 % (preferably > 0.2%) of uncombined 
(solid-dissolved) Nb and the formation of Laves phase rich in Si is important for creep strength. 

[0011] However, the inventors studied the above ferrite steel, consequently, they clarified that 
a good base material toughness was not easily obtained, the material becomes brittle due to the Laves 
phase deposition during high-temperature use and there was the danger of being damaged by small 
impact during cooling when above 1% of Si was contained. Particularly, when a medium-thick plate 
(plate thickness 3 ~ 9 mm) was used as a structural member, reliability in long-term use was not 
obtained. A steel disclosed in examples of this invention had such problems that the amounts of Nb, 



Ti making a contribution to the stabilization of C, N were small and not enough to prevent the 
inter-granular attack of a welded heat affected section. 

[0012] A ferrite steel excellent in high-temperature oxidation resistance wherein S, O are less 
than 0.008% and in which inclusion in steel is more stable than MnS at high temperatures has been 
disclosed in Japanese Laid-Open Patent Application S62- 1 4626. 

[0013] The ferrite steel is characterized by the fact that the fomiation of MnS and oxysulfides 
of Si, Al, Mn, etc. comprising inclusions exerting an adverse effect on the oxidation resistance is 
inhibited by decreasing the content of impurites S 5 O, and it has been described that one, two or more 
of Ti, Nb, Zr, Ta may be added as C-fixed elements, in total, 4 times as much as the C amount and 
within a range of 1 .5% or less to inhibit the deterioration of oxidation resistance at the time of 
high-temperature use or by Cr carbide formation, 

[0014] However, the impurity N has not been studied and the effect of N on toughness of the 
base material and welding zone is large, therefore anxiety about the toughness of the welding zone 
remains. Moreover, studies on effects of the elements on high-temperature strength and thennal 
fatigue life have not yet been fully made. 

[0015] Particularly, when two of Ti, Nb, Zr, Ta being C, N fixed elements are added, a study 
on a proper amount given by considering the balance of workability, formability, toughness, 
high-temperature strength and corrosion resistance when Nb and Ti are added by compounding has 
not yet been made. 

[0016] 

[Problems overcome by the invention] The purpose of present invention aims at obtaining 
a ferrite steel which has excellent high-temperature strength and thermal fatigue resistance 
particularly at exhaust gas temperatures of 600 ~ 650°C, oxidation resistance of up .to 800°C, 
excellent workability, corrosion resistance in the weld zone and toughness and is suitable as an 
automobile system member or exhaust gas passage member for LNG/thermal compound power 
generation. Moreover, the purpose of present invention is to provide a low-priced ferrite stainless 
steel of lower cost to the user, e.g., a material making a contribution to the centralization of material 
which leads to the exhaust manifold-front center pipe-muffler in an automobile exhaust system. 

[0017] 



[Problem resolution means] Automobile exhaust system members generally are 2 
mm-thick thin plates or welded pipes, the plate thickness of duct material of exhaust heat recovery 
boiler is mainly 1.5-6 mm, and a medium-thick plate of up to about 9 mm is also used. Structurally 
necessary oxidation resistance, high-temperature strength, thermal fatigue resistance, workability, 
toughness and weldability are required for all the members. However, the creep strength of common 
SUS304 and 2.25 Cr-1 Mo ferrite steel is not required, and they should have high-temperature 
strength endurable to a long-term use because they are members not subjected to strict internal 
pressure. 

[0018] Accordingly, the inventors made an earnest study to develop ferrite steel having the 
above characteristics more excellent than the conventional steel, and consequently obtained the 
knowledge described below. 

[0019] A) (Nb, Ti) carbides are formed in case of having a compound addition effect of Nb 
and an extremely narrow range of 0.006 ~ 0.2% Ti deposit at a higher temperature than carbides in a 
single addition system of Nb or Ti and are easily deposited with a finely deposited TiN as a nuclei, 
therefore a region where solid dissolved C, N do not exist (Interstitial Free) is formed at the periphery, 
by which the steel becomes soft with satisfactory workability and formability, but in sites where the 
Laves phase preferential deposits decrease simultaneously, there is an effective deposition delay of 
the Laves phase during high-temperature use and may delay the embrittlement, moreover, the heat 
distortion is relaxed to improve the thermal fatigue resistance because the re-crystallization 
temperature is also lowered. 

[0020] B) The toughness of base material and welding heat affected section is improved and 
the inter-granular attack of the weld zone in condensed water environment is prevented by controlling 
the contents so that (Nb+Ti)/(C+N)" > 20. 

[0021] C) The toughness of thermally calendered plate and heat affected section is improved 
by adopting the Al amount added to improve the oxidation resistance and toughness as > 0.02% and 
Al > 2N. 

[0022] The present invention was accomplished on the basis of such a knowledge. Its 
substance consists in [a heat-resistant ferrite stainless steel which consists of, by weight, C: < 
0.015%, Si: 0.2 ~< 0.8%, Mn: 0.2 ~ <0.8% ? P: < 0.03%, S: < 0.002%, Cr: 1 1 - 14%, Ni: < 0.5% 5 Nb: 
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0.2 ~ 0.5%, Ti: 0.06 ~ 0.2%, N: < 0.01 5, Al: 0 - 0.2% and, if necessary, one, two or more of Mo: 0.3 
~ 2%, W: 0.1 ~ 1%, V: 0.1 ~ 0.5%, B: 0.0003 ~ < 0.005%, and satisfies C+N < 0.02%, (Nb+Ti)/ 
(C+N) > 20 and, in case of containing Al, Al > 2N, balance Fe and inevitable impurities j 

[0023] 

[Functions] Next, the contents and functions of alloying components and impurities of the 
present invention are described. 

[0024] C & N: An increase of C, N improves the strength but deteriorates the toughness and 
exerts an adverse effect on workability and weldability. Accordingly, C, N contents are desirably as 
low as possible, therefore C: < 0.015%, N: < 0.015%, and C+N < 0.02%. Desirably, C: < 0.01%, N: 
< 0.010%o 5 and C+N: < 0.015%. 

[0025] If C+N is more than 0.03%, C, N cannot be fixed, an adverse effect appears, and the 
inter-granular attack susceptibility of weld zone rises even if Ti and Nb are added by compounding. 

[0026] Si: Si is an effective de-acidifying element necessary for oxidation resistance, and 
which displays the effect of improving the oxidation resistance by an addition of > 0.2%. Si also has 
an effect of improving high -temperature strength and thermal fatigue characteristics, because a 
decrease of solid dissolved Nb making a contribution to high-temperature strength is inhibited and the 
high-temperature strength is accomplished by substituting a part of Nb with Si in the Laves phase 
(mainly Fe2Nb) deposited at high temperatures (> 600°C). If >0.8% Si is added, toughness and 
workability deteriorate, therefore Si must be within a narrow range of 0.2 ~ < 0.8%. Si should 
desirably be 0.2 ~ 0.6%. 

[0027] Mn: Mn is a de-acidifying element and is known as an element for improving the hot 
workability. However, Mn forms MnS to start oxidation and is an austenite forming element, 
therefore it is undesirable for oxidation resistance. Accordingly, Mn is 0.2 ~ < 0.8%, desirably 0.3 ~ 
0.7%. 

[0028] Cr: Cr is an element necessary for oxidation resistance and corrosion resistance. If Cr 
is < 1 1%, its effect does not appear; if it is >14%, toughness and workability deteriorate, therefore the 
upper limit of the Cr is 14%. 
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[0029] P: P is an unavoidable impurity in manufacturing, and must be < 0.03% to avoid an 
adverse effect on toughness and workability. 

[0030] S: S is also an unavoidable impurity in manufacturing, but if the S amount is large, like 
Mn, it is undesirable from the viewpoint of oxidation resistance; P also has an adverse effect on 
weld-ability, therefore the upper limit of S must be 0.002%. 

[0031] Nb: Nb is an element necessary in improving the high-temperature strength and creep 
strength, weak points of ferrite stainless steels, and the effect markedly appears at 500°C or above. Nb 
has the function of fixing C, N as carbonitride. In the present invention, Nb is 0.2 ~ < 0.5% and C+N 
< 0.02%, therefore %Nb/(%C+%N) > 10, ensuring the amount of solid dissolved Nb necessary for 
obtaining creep strength. The higher the Nb amount, the more desirable from the viewpoint of 
high-temperature strength, but sufficient high-temperature strength is not obtained at < 0.2% and the 
deposition of the Laves phase becomes remarkable and the toughness deteriorates at > 0.5%, 
therefore Nb is 0.2% ~ < 0.5%. 

[0032] It was found that the Laves phase (Fe 2 Nb) deposits during high-temperature use (> 
600°C) and a reduction of high-temperature strength caused by a decrease of amount of solid 
dis-solved Nb occur, but the amount of solid dissolved Nb must be > 0.1 % to also obtain sufficient 
high-temperature strength after deposition, therefore the Nb amount must be > 0.3%. The lower the 
Nb amount, the less the deposited amount of the total Laves phase, therefore the upper limit of Nb is 
0.4%. 

[0033] Ti: Ti is effective as an element for fixing C, N like Nb. Particularly, it is an element 
essential to inhibiting the formation of Cr carbide in the welding heat affected section and ensuring 
the toughness and corrosion resistance. Ti,Nb have the effect of inhibiting the bulking of the crystal 
grains of the base material and welding heat affected section. The contents must be (NbH-Ti)/(CKN) 
> 20 to fully display these effects. (Ti/Nb) is nearly 0.5, and generally may be 0.2 ~ 1.0 to further 
display these effects. 

[0034] When Nb and Ti are added by compounding, Ti mainly combines with N to form a 
nitride, Nb and residual Ti combine with C to form (Nb, Ti) carbide. As described above, (Nb, Ti) 
carbides deposit at a higher temperature than carbide when only Ti id sdded and is easily deposited 
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with fine deposition TiN as nuclei. Accordingly, a region where the solid dissolved C 5 N does not 
exist (Interstitial Free) is formed at the periphery. 

[0035] Thereby, the steel becomes soft and gives satisfactory workability and formability but 
sites where the Laves phase preferential deposits are simultaneously reduced, there is an effective 
deposition delay of the Laves phase during high-temperature use, which may delay embrittlement 
Moreover, the heat distortion is relaxed to improve the thermal fatigue resistance because the 
re-crystallization temperature is also lowered. 

[0036] For the purpose of displaying the above effects, > 0.06% of Ti must be contained, and 
its lower limit is an amount which ensures 4 times or more of N and enables forming some carbide. If 
>0.2% of Ti is added, the above effects are nearly not improved and the surface defects during 
calendering becomes appreciable, therefore the upper limit is 0.2%. 

[0037] Ni: Ni is an unavoidable impurity in manufacture. The addition of a small quantity of 
Ni is effective on toughness improvement, but it exerts an adverse effect on the oxidation resistance, 
therefore it is especially < 0.5%. 

[0038] Al: Al is an optionally added element and is known as a de-acidifying element if it 
coexists with Ti, the effect becomes more appreciable. It is known that toughness is improved by 
adding a small amount of Al. Particularly, the toughness of hot calendered plate and welding heat 
affected section is improved by adopting 2%N < Al. Its necessary amount is 2%N < Al to act on the 
fixing of N with Ti during welding. 

[0039] The oxidation resistance is improved by containing > 0.02% of Al. Particularly, the 
peeling resistance of oxide scales is improved and the oxidation resistance is improved by internal 
oxidation of Al to play a role of "wedge" for scales, inhibiting mixing of oxide scales into the exhaust 
gas. Moreover, > 0.02% of Al also has the effect of improving the high-temperature strength and 
creep strength. However, an excessive addition saturates the effects on oxidation resistance and 
high-temperature strength and exerts an adverse effect on workability, therefore the upper limit is 
0.2%. 

[0040] Mo: Mo is an optionally added element and is known as an element for improving the 
high-temperature strength like Nb. Mo is different from Nb, the tendency of fonning (Fe 2 Mo) is 
smaller than Fe 2 Nb during high-temperature use, and the solid dissolution enhancement action is 



lasting because the solid dissolved state is maintained for a long period. Accordingly, the Mo addition 
is preferable to improve creep strength and corrosion resistance. In this case, these effects are not 
sufficient at < 0.3% Mo, therefore the lower limit is 0.3%. However, excessive addition reduces the 
toughness and the workability. In the case of addition, the upper limit is 2.0% because the cost 
increases. 

[0041] W: W is an optionally added element and is known as an element for improving the 
high-temperature strength like Nb, Mo. W also has a smaller tendency of forming the Laves phase 
than Mo, and its solid dissolution action lasts for a longer period, therefore the creep strength is 
improved. If W is < 0.1%, its effects are not enough; if W is excessively added, the toughness and 
workability deteriorate and the cost increases, therefore W should be 0.1 ~ 1%. 

[0042] V: V is an optionally added element and forms a solid dissolved state or a carbonit-ride 
to increase the high-temperature strength and improve the workability. If V is > 0.1%, its effects 
appear. However, if > 0.5% is contained, the workability is lowered instead, therefore V should be 0.1 
• -0.5%. 

[0043] B: B is an optionally added element and is contained with the purpose of improving 
the high-temperature strength and oxidation resistance. 

[0044] Reasons why the improvement effect appear have not been yet been determined, but 
B is an element that is generally easy to segregate on grain boundary, and hinders the boundary 
sliding and improves the high-temperature strength. B also discharges impurity elements such as P, 
S, etc. harmful to oxidation resistance and improves the oxidation resistance by inter-granular 
segregation. This effect appears at > 0.0003, if > 0.005%, the toughness and workability also 
deteriorate, therefore B should be 0.0003 ~ 0.005%. 

[0045] 

[Examples] First, a steel having a composition shown in Table 1 was molten and forged, then 
hot calendered at a heating temperature of 1,150°C 5 finished into a 4.5 rnm-thick plate, and annealed 
at 960°C to prepare a hot calendered plate. Cold calendering was applied to the 4.5 mm-thick 
calendered plate, the plate is finished and annealed at 960°C to prepare a 1.5 mm-thick cold 
calendered plate. JIS No. 13 ordinary temperature tensile test pieces of 1 .5 mm in thickness and 
oxidation test pieces'of 1 .5 mm in thickness, 20 mm in width and 25 mm in length were sampled in 
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the T direction from the cold calendered steel plate. Fig. 1 is a diagram showing the shape of a 
thermal fatigue test piece, 1 is a pipe of test material, 8 mm-diameter holes (2, 3) are opened in two 
places and become feed ports of cooling air. 4 is a holder (grid) from the inner face of pipe. 5 is a 
mounting part to a holder of a testing machine. The pipe 1 and the holder 4 are fixed with a fixing pin 
6 and a weld zone 7. 

[0047] Thermal fatigue tests were carried out under a temperature cycle and a mechanical 
strain waveform shown in Fig. 2 using a computer-controlled electric-hydraulic servo type 
high-temperature thermal fatigue tester. 

[0048] The heating of test pieces was carried out by a high-frequency heating equipment and 
the cooling was carried out by blowing air from the air feed ports to the inner surface of pipe. The test 
temperature was 200 ~ 800C°, and the constraint condition was 50%. 

[0049] 
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[Table 1] 

Table 1 

(wt%) 



Tested Steel 


C 


Si 


Mil 


P 


S 


Cr 


Ni 


Nb 


Ti 




1 


0.008 


0.25 


0.45 


0.021 


0.001 


12.0 


0.12 


0.34 


0.10 




2 


0.008 


0.35 


0.40 


0.019 


0.002 


11.5 


0.1 1 


0.32 


0.08 




3 


0.007 


0.26 


0.31 


0.016 


0.001 


12.8 


0.08 


0.25 


0.15 




4 


0.006 


0.24 


0.56 


0.015 


0.001 


13.8 


0.20 


0.28 


0.12 




5 


0.006 


0.36 


0.42 


0.018 


0.002 


11.8 


0.26 


0.31 


0.10 




6 


0.009 


0.29 


0.44 


0.025 


0.001 


12.1 


0.12 


0.33 


0.08 




7 


0.008 


0.28 


0.34 


0.015 


0.001 


11.9 


0.09 


0.35 


0.08 


Invented steel 


8 


0.007 


0.26 


0.45 


0.019 


0.001 


12.2 


0.16 


0.36 


0.09 


9 


0.009 


0.36 


0.33 


0.018 


o.ooi ; 


11.7 


0.07 


0.32 


0.10 




10 


0.009 


0.26 


0.42 


0.021 


0.001 


11.9 


0.21 


0.33 


0.10 




11 


0.007 


0.22 


0.36 


0.019 


0.002 


12.5 


0.17 


0.41 


0.06 




12 


0.010 


0.20 


0.55 


0.015 


0.002 


13.0 


0.18 


0.32 


0.10 




13 


0.008 


0.28 


0.32 


0.025 


0.001 


12.2 


0.15 


0.36 


0.07 




14 


0.011 


0.22 


0.41 


0.028 


0.001 


11.6 


0.08 


0.50 


0.06 




15 


0.007 


0.25 


0.36 


0.021 


0.001 


12.4 


0.12 


0.21 


0.20 




16 


0.008 


0.21 


0.35 


0.020 


0.001 


11.2 


0.06 


0.29 


0.08 




17 


0.007 


0.23 


0.42 


0.019 


0.001 


11.4 


0.08 


0.28 


0.10 




18 


0.009 


0.24 


0.37 


0.021 


0.001 


11.3 


0.10 


0.25 


0.08 




19 


0.010 


0.44 


0.31 


0.022 


0.002 


11.3 


0.09 


0.01 


0.25 




20 


0.010 


1.30 


0.30 


0.022 


0.002 


11.3 


0.20 


0.20 


0.25 




21 


0.015 


1.64 


0.44 


0.020 


0.002 


12.2 


0.06 


0.38 


0.17 


Comparative steel 


22 


0.012 


0.02 


0.32 


; 0.022 


0.001 


11.5 


0.12 


0.45 


0.15 


23 


0.009 


0.43 


0.44 


0.021 


0.002 


11.8 


0.23 


0.75 


0.15 




24 


0.011 


0.55 


0.43 


0.018 


0.002 


12.2 


0.19 


0.20 


0.05 




25 


0.008 


0.35 


0.28 


0.019 


0.001 


11.8 


0.11 


0.34 


0.16 




26 


0.015 


0.36 


0.38 


0.020 


0.001 


12.4 


0.08 


0.45 


0.10 




27 


0.010 


0.35 


0.33 


0.024 


0.001 


13.2 


0.10 


0.29 


0.10 



Comparative steel 1 9 is a steel equivalent to SUH509L A: (Nb+Ti)/(C+N) a : beyond a prescribed range of present invention 
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Table 1 (continued) 

(Wl%) 



Tested Steel 


Al 


N 


Mo 


W 


V 


B 


(C+N) 


A 


2>-N 




1 


0.001 


0.009 










0.017 


25.9 j 


0.018 




2 


0.001 


0.006 










0.014 


28.6 


0.012 




3 


0.001 


0.008 










0.015 


26.7 


0.016 




4 


0.001 


0.005 










0.01 1 


36.4 


0.010 




5 


0.002 


0.006 










0.012 


34.2 


0.012 




6 


0.025 


0.008 










0.017 


24.1 


0.016 




7 


0.042 


0.007 






! 




0.015 


28.7 


0.017 




8 


0.081 


0.008 










0.015 


30.0 


0.016 


InvpntpH ^tppl 


9 


0.021 


0.006 


1.2 




! 


■ 


0.015 


28.0 


0.012 


10 


0.001 


0.008 




0.5 


■ 


■ 


0.017 


25.3 


0.016 




11 


0.001 


0.009 


■ 


- 


0.25 


■ 


0.016 


29.4 


0.018 




12 


0.001 


0.006 








0.0005 


0.016 


26.2 


0.012 




13 


0.001 


0.009 


0.8 




■ 


0.0007 


0.017 


25.3 


0.018 




14 


0.001 


0.006 






• 


* 


0.017 


32.9 


0.012 




15 


0.001 


0.006 






i 




0.013 


31.5 


0.012 




16 


0.024 


0.005 


0.4 


0.8 






0.013 


28.5 


0.0 1 0 




17 


0.028 


0.006 


0.6 


* 


0.22 


0.0003 


0.013 


29.2 


0.012 




18 


0.001 


0.007 


0.3 


0.6 


0.20 


0.0003 


0.016 


20.6 


0.014 




19 


U.UU1 


u.uuy 










0.01 9 


13.7 


0.018 




20 


0.050 


0.015 










0.025 


18.0 


0.030 




21 


0.001 


0.012 










0.027 


20.4 


0.024 


Comparative steel 


22 


0.001 


0.011 










0.023 


26.1 


0.022 


23 


0.00) 


0.008 










0.017 


52.9 


0.016 




24 


0.001 


0.013 










0.024 


10.4 


0.026 




25 


0.002 


0.001 


2.8 








0.018 


27.8 


0.020 




26 


0.001 


0.001 










0.025 


22.0 


0.020 




27 


0.022 


0.001 










0.020 


19.5 


0.020 



Comparative steel 19 is a steel equivalent to SUH509L A: (Nb+Ti)/(C+N) 1=3 : beyond a prescribed range of present invention 



[0050] A hot calendered plate was aged at 600°C for 1,000 hr, JIS No. 4 4 mm-thick Charpy 
test pieces were sampled in the T direction to evaluate the toughness. Beveling work was applied to 
the hot calendered plate to butt- and TIG weld it under conditions shown in Table 2, and JIS No. 4 4 
mm-thick Charpy test pieces were sampled so as to notch it in a welding heat affected section. 
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[0051] 
[Table 2] 



Table 2 



Feeler 


4 1 0 Nb, diameter 2 mm 


Welding current 


9-- 100 A 


Welding voltage 


13 V 


Welding speed 


10 cm/min 



[0052] 3 mm-thick plate-like tensile test pieces were sampled from a hot clendered/annealed 
material and a material given by aging the hot clendered and annealed material at 600°C for 1,000 hr 
and tests were carried out at 600°C. 

[0053] Oxidation tests were carried out at 800°C for 200 hr in air under continuous heating 

■ ""■.*■■ ■ > 

conditions. 

[0054] The above various test results are shown in Tables 3,4. Table 4 shows test results of 
materials given after the hot calendered plates were annealed and aged. From Table 4, it is known that 
the invented steels 1 — 1 8 are excellent in workability, high-temperature strength, oxidation resistance 
and thermal fatigue strength if the ordinary temperature elongation is > 30%, the tensile strength at 
600°C is > 25 N/mm 2 , the oxidation gain at 800°C is 2.0 mg/cm 2 , and the thermal fatigue life is 2,000 
cycles. It was confirmed that the vTrE of welding heat affected section was below 0°C and the 
ordinary temperature toughness after aging was also a level at which there was no problem in practice 
for the invented steels. 

[0055] Particularly, as shown by the invented steels 6 - 8, it was confirmed that if 0.02 - 0.2% 
of Al was added, the toughness of welding heat affected section was improved. Particularly, it was 
confirmed that the thermal fatigue strength was improved and the strength lowered after aging was 
reduced by Mo, W addition with the invented steels 9, 13, 16, 18. 
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[0056] 
[Table 3] 

Table 3 





Cold Calendered Material 


Hot Calendered Material 


Tested Steel 




Ordinary temp, 
elongation (%) 


Oxidation gain 
(mg/cm 2 ) 


Thermal fatigue life 
(cycle) 


Tensile strength at 
ouu L (iN/mm ) 


welding heal 
aftected section 
v j rt ^ ^ j 




1 




1 c 

1 .3 


2.2 MJ 


in 


1 s 




2 


33 


1 .2 


2,300 




-ItJ 




3 


34 


1 . 1 


2, 1 20 


2 / 


- 1 2 




4 


37 


1 .4 


2.2UU 


2y 


- 1 ft 




5 


36 


1.3 


*> i c\r\ 
2, 1 VU 


26 


1 A i 




6 


OA 
JO 


1 .2 




ZV 


- 1 o 




7 


35 


1 .U 


T 1 AH 

2,loU 


2V 


-20 




8 


36 


1.0 


2,340 


3 1 


-22 


Invented steel 


9 


35 


1.2 




51 




10 


36 


1.4 


2,190 


->n 
29 


o 

-o 




1 1 


3d 


1.5 


t ion 

2,3 yu 


J2 


1 1 




12 


36 


1 .5 


2,160 


2y 


- 1 u 




13 


36 


i i 


2..52U 


J 1 


- / 




1 A 




1 A 
1 .0 


2.JUU 


J 1 


_ 1 
- 1 




1 5 


Jo 


1 .j 


t i on 
2, 1 UU 


ZD 


1 c 
- 1 j 




16 


32 


1.3 


2,450 


31 


-6 




17 


34 


1.5 


2.400 


31 


-5 




18 


33 


1.6 


2,480 


32 


-7 




19 


37 


1.4 


1,430 


20 


-5 




20 


29 


0.7 


1.820 


22 


12 




21 


26 


0.8 


2,230 


30 


25 




22 


34 


3.5 


2,280 


31 


_2 


Comparative steel 


23 


25 


1.1 


2,130 


35 


•28 




24 


36 


1.2 


1,800 


22 


-18 




25 


27 


1.0 


2,470 


34 


0 




26 


32 


1.2 


2,060 


26 


20 




27 


35 


1.4 


2,150 


30 


10 
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[0057] 
[Table 4] 

Table 4 





Hoi Calendered Materia) 


Impact value at 25°C 
VE,(J/cnr) 


Tensile strength at 
600°C (N/mm 2 ) 


Invented steel 


1 


56 


20 


2 


52 


21 


3 


58 


18 


4 


60 


18 


5 


55 


17 


6 


59 


18 


7 


62 


18 


8 


55 


20 


9 


52 


23 


10 


53 


20 


11 


58 


21 


12 


57 


19 


13 


55 


22 


14 


48 


21 


15 


56 


18 


16 


55 


25 


17 


58 


25 


18 


60 


26 


Comparative steel 


19 


250 


13 


20 


12 


13 


21 


6 


20 


22 


71 


18 


23 


8 


20 


24 


73 . 


13 


25 


52 


24 


. .26 


10 


18 


27 


12 


22 



[0058] Comparative steel 1 9 is a steel equivalent to SUH409L, but it is poor in both tensile 
strength at 600°C and thermal fatigue strength. Comparative steels 20, 24 are poor in both tensile 
strength at 600°C and thermal fatigue strength because Nb is < 0.2%. Comparative steel 21 is poor in 
ordinary temperature elongation (<30%) because Si is >0.8% and Comparative steel 25 is poor in 
workability because Mo is >2%, therefore pipes could not be easily manufactured. Comparative steel 
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22 is poor in oxidation resistance because Si is < 0.2%. Comparative steel 23 is poor in work-ability 
and toughness of the welding heat affected section, the impact value after aging is low, the 
embrittlement is appreciable and the strength lowering is also large because Nb is > 0.5%. 

[0059] Comparative steels 21, 23 have vTrE > 0 and are poor in ordinary temperature 
toughness after aging because Si is < 0.8%). 

[0060] Comparative steels 26, 27 are poor in toughness of welding heat affected section 
because C+N > 0.02 and (Nb+Ti)/(C+N) < 20, respectively. 

[0061] Moreover, it has been confirmed that no inter-granular attack occurs in the invented 
steels of (Nb+Ti)/(C+N) > 20 by the Straus test of MAG weld zone. However, when (Nb+Ti)/(C+N) 
< 20 like Comparative steels 1,2, inter-granular attack cracks in the welding heat affected section 
were observed. 

[0062] 

[Efficacy of the Invention] Compared with conventional steels such as SUH409, etc., the 
present invention enables providing a ferrite stainless steel which has excellent high-temperature 
strength, thermal fatigue characteristic, oxidation resistance, toughness, workability and corrosion 
resistance in weld zone and is suitable as automobile system member or exhaust gas passage member 
for LNG/thermal compound power generation. 
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[Brief description of the drawing] 

[Fig. 1] Diagram showing.the shape of a thermal fatigue test piece (gage length: 12 mm). 
[Fig. 2] Charts showing temperature and strain waveform in thermal fatigue test. 

[Fig. 1] 

1 test pipe 

2 air feed port 

3 air outlet 

4 holder 

5 holder mounting section 

6 pin fixing hole 

[Fig. 2] 



Temperature T 



Strain 8 



T|: degree of constraint a: coefficient of linear expansion 
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Heat Resisting Properties of - Ferritic Stainless Steels 

Sadayuki Nakamura, Naoto Hiramatsu, Isami Shimizu, Yoshihiro Uematsu 

Synopsis : 

Heat resisting properties such as high temperature oxidation, strength, fatigue and thermal 
fatigue were examined for various ferritic stainless steels. Steels used were NSS 409 M1, SUS 430, 
NSS 430M3, NSS 442 M3, NSS EM 1 and NSS444N, and heat resisting properties were compared 
among these steels. The effect of alloying elements on heat resisting properties were also studied. 
The main results obtained are as follows; 

1) Cr is very effective for improving high temperature oxidation resistance. In this study, 
NSS EM 1 exhibits the best properties of cyclic and isothermal oxidation resistance. 

2) Cr, Nb and. Mo are effective for improving high temperature strength. The best properties of 
high temperature strength and high temperature fatigue are obtained for NSS 444 N, followed 
by NSS EM 1 and NSS 442 M 3. 

3) The property of thermal fatigue does not rely on its high temperature strength. All ferritic 
stainless steels exhibit good property of thermal fatigue comparing with austenitic stainless 
steel of SUS 304. This is due to the fact that ferritic stainless steels have lower thermal 
expansion than austenitic stainless steels. 
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ire&* SUS430 *ifcg[SS3 < !: L-C, WjfefflCttffl 

2. ftttttfcJrt^M^a 
2.1. 

Jr SiO NSS 409 M 1 (lowC-1 1 Cr-0.2 Ti), 16% 
CrlBO SUS 430. 17.5 % Ct |fl<D NSS 430 M 3 
(low C-17.5 Cr-0.4 Ti-0.4 Mo) to J: t>* 19 % Cr ffl 
<D NSS 442 M 3 (!owC-19 Cr-0.5 Cu-0.5 Nb), NSS 
EM 1 (low C-l Mn-19 Cr-0.45 Nb) to i NSS 
444 N (lowC-19 Cr-0.4 Nb-2 Mo) tii,>t„ 



fcifift. NSS409M1 to i Z>' SUS 430 ti810T:T' 
6 f%ffl<& i%mtf&W* , NSS 430 M 3, 
NSS 442 M 3. NSS EM 1 to i NSS 444 N »i 

y>{-* 25 mm«x 150mm" x / RiJRslBJ 
10 mm' n-^IfiClP S KI^S« 
L , NSS 409 M 1. SUS 430 X'it 810 TC T'i&Si 6 
Hfl<9i&®{fc&g&fTls NSS 430 M 3 *i950T;-e 
3 t> . NSS 442 M 3. NSS EM 1 to J: NSS 
444 N ti 970 t: -CJfcift 3 ^©jE^PdIJ8«4:J6 Lfc„ 
A^£ES^. NSS 409 Ml. NSS 430 M 3 »i 900 
X; . SUS 430 ti 830 "C , NSS 442 M 3, NSS 

EM 1 to J; r>* NSS 444 N ti 950 TC X-*h.*:ii&m 
3 »Ofi« r |BItt±H , «tt4rfTo fc. 

&R1r« 2 to i r>'S 3 C/Tt. 
SUS 304 

2.2 IO*tf;teJ:tfKfcftf* 

@ 1 CttftMft. 
toii>'»Jg^^^ffiv>fc^K-o^tr^-r. 



s i «safofb^j««- (wt %) 

Table 1 Ctfemical compositions. 



S. No. 


c 


Si 


Mn 


Cr 


Ti 


Nb 


Mo 


Cu 


N 


K i& 91 § 


NSS 409 Ml 


0.011 


0.63 


0.23 


11.08 


0.16 








0.006 




0.007 


0.39 


0.29 


10.88 


0.38 








0.005 




SUS 430 


0.084, 


0.55 


0.28 


16.20 










0.-035- 




/6. 055/ 


0.64 


0.27 


16.-20 










(0:025/ 




NSS 430 M3 


-O.007 


0.56 


0.26 


17.10 


0.41 




0.42 




0.014 




0.009 


0.50 


0.26 


17.61 


0.28 




0.40 




0.012 




NSS 442 M3 


0.014 


0.52 


0.31, 


18.51 




0.53 




0.51 


0.012 




0.014 


0.62 


0.23 


18.72 




0.46 




0.54 


0.011 




NSS EM 1 


0.015 


0.46 


O.^fS 


18.49 




0.43 






0.016 


mum^. MMt 


ffNSS 444 N 


0.010 


0.28 


0.32 


^18.37 




0.39 


1.92 




0.007 


SfiJl^. Mtttt , 


0.010 


0.24 


0.27 


18.63 




0.43 


2.00 




0.012 








mm 








mm 







H *r » SB 8 $& HI 62 # 
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a 2 «K»©»«tttt« 

Table 2 Physical properties of various stainless 
steels. 





(fit©) 
(kgf/mm 2 ) 


m ®) 

{cai/r ■ g) 


(20-ioox:) 


cfffcft- 

(100*C) 
(cal/cm • 
*C • sec) 


NSS409 M1 


20.500 


0.11 


9.9X10 -8 


0.0595 


SUS 430 


20.400 


0.11 


10.4X10" 8 


0.0630 


NSS 430 M3 


20 . 500 


0.11 


10.4X10" 8 


0.OB2O 


NSS 442 M3 


20.400 


0.11 


10.4X10"' 


0.0625 


NSS EMI 


18,800 


0.12 


10.4X10*** 


0.0590 


NSS 444 N 


20.400 


0.11 


10.6X10 -1 


0.0625 


SUS 304 


19.700 


0.12 


17.3X10" 6 


0.0390 



BMfcRRJH* 2 mm'X 25mm w x 35mm 1 4 
mm^O^tRftfrtt. £®*#400 O^> 

Lfc. lt{tK»«^. #KBUIro«»4:illS-U. 



^3 #«K*t^*«WttJI 

Table 3 Mechanical properties of various stainless 
steels at R. T. 





0.2%ft*;£J 
(kef/mm*) 

V ivg i f nun / 


(kgf/mm 2 ) 


(%) 


(HV) 


NSS 409 Ml 


23 


41 


37 


123 


SUS 430 


31 


50 


x 31 


165 


NSS 430 M 3 


33 


52 


31 


163 


NSS 442 M 3 


32 


53 


32 


168 


NSS EM 1 ' 


31 


49 


32 


153 


NSS 444 N 


35 


56 


29 


172 


SUS 304 


28 


63 


62 


165 



»£2Mfc (mg/cm-) = 



W-W 0 



w 0 : 
w, : 
S : 



s-aaims (mg) 

(mg) 
^eqSc (cm 2 ) 



•25- 



4* 




1.9 

MIS* P2-5 



22R 



*9 







1 

aO O 






-€ 












-15- 







-65- 
-95- 




(d) £tfS9mSfc# (#&:mm) 



(b) ^asiaa** 

Fig. 1 Shape and dimension of test samples. 
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KiM*L-C?%*PLfc. «t>iILBMtRffttt M3, 

fcffi o Ttf . 25 a-IBUFrtCjf 5 «-|K£?fcK: 
■C 50TCWT^TH"'. Ch^lt'f^^iU, 300 

ffiaSISKIfcJf-tt JISG 0567 icHE. 1110 
mmf 3pfrS50mm Of '<ft 
fc. I" D vSO**W» 

IS-10T 5IKKgfc«c««S 3 4rSi*Lfc'fe«0*te 
1 Lfc. 15 15 #J&j»©St. 

0.2%iW^tt?^0.3%/min. W£>fel&*i 6 %/ 

M»SS»KBkKltt«ff 2 mm' t? + *«KlM« B 
R 22 mm £D R ft£*«ft#4:JBv,vfc. ItifcMt* 

v^Sfi[»K»«lc«JK^*|B«Lfc%0* NS 

L. 600 TCCtt 2500 rpm, 900 TCC'fi 3500 rpm O NS 

3.3 mm' "C 4> ^ M fil -"H 
R30mm <D R ft *R!Wt-*JS^fc'. RlfcttttlEifc * 

nuufcftttimaaLK** is c/sec tis 200-900 

x; «d»-vt ?/i-h, 900 r; ct 30 ^<o±^B5fy! 



3. JUM£**sJ:tf#£ 

3.1 Ka»<t4$i± 

3.1.1 ' 3i86«<ktt»«* 
B2C 900 T;:fc»+ic:fet*;&jfiBMMb8$Ife*6* 
Cr4«©4-ji NSS 409 Ml 

SUS430 i 50^P3t?»fblt**^%*^. 

% a# 17 %ti±o 4 mmi-z m^Nitx-mitms. 

it Wagner 4>ft4MtJHK:& ^ fc^©^^ L"C ^ 
% M fl*. NSS 430M3 ©HffcJiiH: NSS 442 
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NSS EM 1 is X V NSS 444 N iZjt^X^ 




900 r*M c H^tf£#S!H<oaSE&{b ! i#'& 

2 Isothermal oxidation of various ferritic stain- 
less steels at 900X; . 

3 3 1000 T:;fcS&+e**l*5*K«{tRR& 
f^-T. 900 TC«h«^ra«l<p^b^Iij4r*L, 
5409 M 1 Jfcitf SUS430 »*fiB5fflT?JWfBMfc 
gri"^, 18~19%<D Cr Ir^fr NSS 442 M3. 

3 EM 1 fc i^* NSS 444 N ♦tft^'^SO*-^^ 
fcijj^r^iV L*»U Cr -^*S*» 17 . 5 % t 
£t> NSS 430 M 3 COV -t 50 t X'Bit 
t*'»«JJSlflyct£ot^2) to®, 100 eara-e 
fc*!»a!l i •? tt-f Jx-c«{tff **** * <tt^-c 



1000"C 

5 - 




8# M (h ) 



H 3 1000 -C ±fZ*tzi6ftZ>&mM<0£&ffltft& 
Fig. 3 Isothermal oxidation of various ferritic stain- 
less steels at 1000 €. 

Hfk«ttcR»*-tt*l«*©»«cov,»-c ' 800 
e> iooo -c t -co iooB5Mj»KBHbRlfeK"CH 

*ELfclS*%BI4K:a*-i-. NSS 409 M l *J ± l>* 
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SUS430 t^i^x\t8S0T:*m^z> tmiz&it-t 
fc, NSS 430 M3 tt900tfefi;La£Bfb:***# 

-^if jQ-f ££s NSS442M3, NSS 444 N isj:tf 
NSS EMI Klot^-CHlOOOt-CtHWttit^S 
:Sf, i000T:iE-C«aEO±#i:i:*>K:|fcfyi* 

^JC l i00»HBIikKlfc*oMttJIR**i". 
800 ic-etit^ Koaa^^^^ tRfit&fbtt 

RfcfcixteVsW. 900 TC-Cfrt NSS409M1 isXXf 
SUS430 ttHfifS&fb^rjB- U »mfb4fe#»* 
Jtitl^. — ^ f NSS 430 M3 t NSS 442 M3 

NSS 409 Ml £ SUS430 T?*#EMfcLfcffi*& 
fbjfi«*\fc&*t6. Ua, NSS 430 M3. MSS 
442 M 3 NSS 444 N -Ctt^f&BMb £ JBfcix 

^>Kfb**iB«>bntcv^s ^-fiitfl-JiolMb 
ftR^««L"C^9, Sftt^oti^. NSS 
EMI »ti000T:K:fet--ci)itfb&ROMBt»i]Bt 



25 



20 



15 



10 




NSSEM1 

/nss 

^ 442M3 
?eNSS444N 



B 4 *MI©*tt«M»tt^RB^K*»*^»« 
(K8WIMJ : 100 h) 

Fig. 4 Effect of temperature on oxidation properties 
at temperature between 800 C and 1000*C 
for 100 h. 



vjCC Af\Q Ml 



SUS 430 I NSS 430 M3 



NSS 442 M3 



NSS EM 1 



NSS 444 N 



mil 1 1 

■f II lift; • ; ^■^fe^i^ll I 



Photo. 1 Appearances of steels after isothermal oxidation test for 100 h. 
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2 k. 100 WfHilfbWttlftoKffittlB**"^. 
NSS 430 M 3, NSS 442 M 3, NSS EMI to i 
NSS 444N Tii^fHoSS^^^t 

-Kfbttfev^oo, SUS430 ttiooot:>w*5v--c 



nss 409 mi. ttMort-r t?ic*jBascrtaKft' 



NSS 409 Ml 



SUS 430 



NSS 430 M3 



NSS 442 M3 



NSS EM 1 



NSS 444 N 






Photo. 2 Optical micrographs of cross section after isothermal oxidation test for 100 h. 



3.1.2 : !AU2LK1tRm« 
0 5 ^ 800 x: . 900 tc to i 1000 x: to* o £ 

LBSMbKBUS***^. 800X:t:-fri300^^ *^*§ 
^, «L•CtBMbl«*A»«^:^i:*c< > *^si«m 

i><D<r>, NSS430M3 t*200iM ^^4rj8i4 i 

1000 WgSt'ti NSS 409 Ml to i & SUS 
-43G-ti-iO0iM ^^.tlrt-C||flt8lfb4rjSw U-BWb 
L<«*PL ffiO NSS- EMI, 

NSS 442 M 3, NSS 444 N to t NSS 430 M 3 

•. NSS EM 1 M ilffft^^c < , 
iNSS 430 M3 ©MBPfb******^. NSS 442 
M3 £ NSS 444 N to^tfi^^^ D^tS^^ 
L , NSS EMI t NSS430M3 ©«t$*M£fro 








900'C 

r^=*^==^A^===*fc*J==5R^ - 








800'C- - 


. tfO 


— 


i i J 1 — ■■ 1 



50 



100 



250 

13 5 ±^+ 800, 900 toil/ 1000 "ClctottS^ 

Fig. 5 Cyclic oxidation properties of various 
ferritic stainless steels at 800 Z, 900 X) and 
1 000 t . 



134 



/a 




?I3 300 -y-f ?*m>)i&LM<t8£;%k&:<D&mm<Dn-Wl 

Photo. 3 Appearances of steels after cyclic oxidation test for 300 cycles. 



WK 3 tC 300 -W -f * ^K»&©fl-«* 

fcBSttgftfcilfrt*. 900 TCT-ti NSS409M1 *J 
iOt MSS430M3 C^^FT?tt*S*»itfl:&Bt'Oftl 
&&U*bhi\%. 1000 T3 Kite* kmt3kfti>'*ti*t£ 
0 m. L < , NSS 409 Ml *5 J: SUS430 -CUSfir 

t > 2> . NSS 430 M 3, NSS 442 M 3 $6 £ & NSS 
444 N COl-TI+s^lkfig; 

NSSEM1 Ji«ffc&RiW0JiLTisib-f . iOfi 
gCjoUT % Aff fc*Mfc4*te4r^i\ 

3.2 ffiiisiifttttt 

*««©i«ffl§lfft&lfti£*4:«4ic, 0.2X1 
**siOf§|gi3iiS%:Bl6C*i-. 0.2 %W2mfi 

400 C^5iIfC4S. 
C Nb £ Mo tr-g-tr NSS444N Officii < , 01- 
T' Nb t-Sttr NSS 442 M3 ^ NSS EMI #S < , 



NSS 409 M 1 <9ffid'»fefc{gl> 0 ZCDZtfrb. 
0.2%ffit)<O±^± Mo. Nb foiU? Cr ficoifjn 
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Photo. 4 Cracks on cross sections after tensile test at elevated temperature. 



50 



t 



3.3 m^&^vtm^ 

3.3.1 600 -ClC;fel+ 5«^£#!Sg$i£* 

m 9 c 600 x;cfcH-^«sig^s^^:^^i-. 

L&rii 10' EtlJiC^^^iJ^SS^fia^^i: L 
Titg-fo <!: . 11 % Cr fgO NSS 409 M 1 
4{£^fiar^L. ol>t SUS 430. NSS 442 M 3, 



NSS EMI. NSS 430 M 3 Olldfe i: S < ft 
0. NSS 444 N *±&i£#0<#T'Stffi^g!3f|!SJ?- 
fcttbtt*) . SUS 304 i|H)^<Dfii^^LTt„ - 



r- 30 



±. 25 



= 20 



15 



10 





600"C 








2500rpm 



o ? o 




NSS444N 
0) f 



*o>- SUS 304 ■ 
NSS430M3 

o> _ x NS S442M3 

9 ^ 
• SUS430 



NSS409M1 



10.5 10.6 

5£fiU£i£L& (Nf) 



10.7 



0 9 600 "C Kl&tf *#SiBOgj£#tt 

Fig. 9 Fatigue strength of various stainless steels at 600 XI . 




NSS 409 MI <r=14.3kgf/mm* Nf=8.QX10 s 



NSS 442 M3 *=15.9kg{/W Nf=lX10 7 




SUS 430 tf=l6.1kgfW Nf=5:lX10 4 



NSS EM 1 * = 17.3kgf/W Nf=2.8X10 s 





NSS 430 M3 J = 17.0kgf/mm I NW.2X10 1 



0.5 mm 



5 600 x:tZL&!rtZ&&mR&(D4kBi1BM 
Photo. 5 Cracks on cross sections of after fatigue test at 600 TZ . 



3.3.2 900 'ClCfcl-rSiSS&^iSK*^: 

El 10 K. 900 'CtWoiliSgf^iSI^S 

i\ g^R^fE^*: 600 coRftiliXiifciM"* 

NSS 444 N ^Siil^i^^L, o^trNSS 
430 M 3 NSS 409 M l 3&Mtfc{6^fifi4:3* 

Lfc„ NSS 442 M 3, NSS EM 1 *> J: SUS 430 
*i«tfBIC«-e. NSS 430 M 3 t NSS 409 Ml <D 

HKiffin-rs, 6oo tc tnaiKiBi— s 

KOSia&BtKiJttti** t. NSS 409 M1. 
SUS 430, NSS 442 M 3 is£& NSS EM 1 fc&m 

CM^TF-ftf, NSS 444 N So itf NSS430M3 
tt900 CO5l*9aueK:»L f «#RJWE*M:» 

2^Offl^^L/c 0 



¥1 6 icRikfto^I&iMtSXtr^t. 

NSS 442 M 3. NSS EM 1. NSS 444 N 600 Z t 

fr NSS 409 Ml. NSS 430 M 3 "C»i»A 

aoffl*fb^B»b^S. — SUS430 tt&JEi 

■O#fffl* s BKSit*i-900 NSS 444 N 

t NSS430M3 ©«#R*J6»#5l»9»i£*iB 



June 19 90 



139 



*E 20 
E 



w 15 



rfi. m. 


900*C 








3500rpm 






feU ! 2.0mm 




NSS430M3 
NSS442M3 
<$L •-NSSEMl 
NSS409M1 j 



10.5 



10.6 

L ft (Nf) 



10.7 



HI 10 900 Cfci:fctf**£-3IlflOgE^$#'g 

Fig. 10 Fatigue strength of various stailess steels at 900 "C . 







^^^^^^^^^ 


NSS 409 Ml *=2.7kgf/mm 2 Nf^S.SXlO 5 


NSS 442 M3 *=4.2kgf/mm 2 Nf=6.4X10 5 


^^^^^^^^^^^^^^^^^^ 


Mr 


SUS 430 *=4.7kgfW Nf=l.lX10 6 


NSS EM 1 ^^gf/W Nf=L7X10' 






1 












NSS 430M3 *=5.3kgf/W Nf=2.2X10 5 


NSS 444 N ff=6.9kgf/W Nf=1.9X10' 



0. 5mm 
1 



6 900 CCfcfr *£#i«ft«0&jRfi« 
Photo. 6 Cracks on cross sections of after fatigue test at 900 1C . 



140 



3.4 Jft««&4#tt 

g)11C=7^ vSIM^RMtt^ «* * 200-900 
Ct-^ft^ h*Oft3E«t?*?> SUS304 co 

tf L?>. NSS409M1. SUS 430 fit'OSSSS© 

SUS 304 £ % JfcB-t * <t , l>f hoai^ 
SUS304 Oft2«U±03S5lS»5»**^L. 
7-f h - ^ x ^- -f 1- ^i^a i 0 'b 

^ofci©^*- 1 ^*. 

tfH NSS 442 M3. NSS EMI. 



NSS 444 N ttRKkfriCjt'C. 1 ^ftfil 

£0^fb**«i A, t*B»?>H/t*»-3 , NSS 409 
Ml £ NSS 430 M 3 ttJgHj&OeSS $ H 

rtr. — SUS430 It-^^f vt-f HS©#rffia» 

7 * h *««©fr*»"C NSS % 409 M1 £ 
SUS 430 ^ fft£# J&* £ ft ?> S * C o t • T M: 



5 400 

— » 

5 300 



•O 900"C 

X 30sec 
200"C 200'C 



200 



3 

- 100 

I 
i 



(200-900 C) 

Fig. 1 1 Number of cycles to failure by thermal fatigue 
in various stainless steels. 



i • NSS 409 Ml j SUS 430 


NSS 430 M3 


: — — — " r 




L 


NSS 442 M3 


NSS EMI 


NSS 444 N 


1 


P 





7 *gi&R»&o&JSfi» 

Photo. 7 Cracks on cross sections after thermal fatigue test. 



0. 5mm 



June 19 90 



141 



4. S S 

t*!*Ufc. WKWKHi. NSS409Ml(ll%Cr- 
Ti), SUS430(16%Cr), NSS 430 M 3 (17.5 % Cr- 

* Ti-Mo), NSS 442 M 3 (19 % Cr-Cu-Nb), NSS 
EM 1 (19 % Cr-Mn-Nb) is i If NSS 444 N (19 % 

► Cr-Nb-Mo) fcffll*. RifcBli L-Ctt*S*3ISI 
■'Oft. SS^fbK^. 

1) agc^ft^S^^ NSS409M 1 *s i Of 
SUS430 »i850t:*iB;t5£l*fSSWfc*Sv"*'« 

. i . NSS 430 M 3, NSS 442 M 3 is £ NSS 
444 N -C-ti 1000 TC 4 T? JWf MftttiB ^Jftl't© 
<D, *4--*'!HMtr&Cfc. —35. NSS EMI »t 

ooo t; s -c^s^bfc -t t>' ^ t - *mm*i& - 

2) »oistsMtiKrtt-e»t90ox:4-ev,»-fH<o 

-e»i NSS 409 Ml ioXtf SUS 430 aiRfitSMt* 
fi C L . NSS 430 M 3. NSS 442 M 3 fc 1 
NSS444N -C^^^-^ifJgi^^ tfc. ~ ^ • 

"NSS EMI siiooox:c*jwv-t: & 

3) i«ja3l3t#1i-e»i 0.2 J: r^SISa 
S t ie> NSS444N A'H>f h<OfigC*!t^ *>i*i^ 
ffi^^ L, o^-C NSS 442 M 3 ^ NSS EM 1 ts. 
k'&M<. NSS 409 M1 &&i>i&i.^±7FLtz. 
Z.<OCkt)*h. M3B*©afc«c»4 Cr, Mo isX 
V Nb tsik'tf^tibk^Z-birZ. 

4) K»K##teT?tt 600 TC is X t>* 900 TC <b 4 
NSS 444 N frfcie>M\>*M$?®t.!fi-fcJ3*iF L . 
;ss 409 M- 1 #31 ^> f£v »sg9*Pft#WS;&fc^ Lfc. 
- OjgH* ra— fiff © ffi S3 1 t OM-t % 
k, 600-CX'^^H<Dmmi>&^^tl k^\ 
MffdStetSH UiH** Lfc. 900 TCT'Ji 
NSS 409 M 1, SUS 430. NSS 442 M3 fc i. t>* NSS 



EM 1 0 sKS&IRIWEtfJ&zF L 

fcOtjst L . NSS 444 N fciO* NSS 430 M3 

5) 7 s 7^ h^^7 i vu^iS^SiS^#'te^ 
i^-THi SUS 304 KiJi-<, 2fgO»i%£7K L 
fc„ -7 x r-**7- v u^sao4 3 'x:'t±NSS409- 
Ml fcitf SUS 430 #JtttttA&fc*i«#«tt* 

1) ¥&1A. . ffl+JB*. 5SS£3t^ : tt^t 
-t^., 1 (1988), p. 1795 

2) G. C. Wood. I. G. Wright. T. Hodgkiess, D. P. 
WHITTLE : Werks. Korr.. 21 (1970), p. 900 

3) ffJBSW : W*ft*. 28(1977), P . 389 

4) m&zm. n, oj*s?&- : 

7"o-tr^., 1 (1989), p. 1998 

5) *x v (&G-)\\jEm&m (1973). P . 103 

34 (1970), p. 847 
7) K. BUNGARDT, E. Kunze and E. Horn : Arch. 
Eisenhiittenw., 29 (1958), p. 193 



B Sr K M & « ^62# 



128 



tiniiitiititiiiiiiiiiitiiii 

IIIIIIIIMIIIIIIfflltlMlltl 

Heat Resisting Properties of Ferritic Stainless Steels 

Sadayuki Nakamura, Naoto Hiramatsu, Isami Shimizu, Yoshihiro Uematsu 

Synopsis : 

Heat resisting properties such as high temperature oxidation, strength, fatigue and thermal 
fatigue were examined for various ferritic stainless steels. Steels used were NSS 409 M1, SUS 430, 
NSS 430 M 3. NSS 442 M3, NSS EM 1 and NSS 444 N, and heat resisting properties were compared 
among these steels. The effect of alloying elements on heat resisting properties were also studied. 
The main results obtained are as follows; 

1) Cr is very effective for improving high temperature oxidation resistance. In this study, 
NSS EM 1 exhibits the best properties of cyclic and isothermal oxidation resistance. 

2) Cr, Nb and Mo are effective for improving high temperature strength. The best properties of 
high temperature strength and high temperature fatigue are obtained for NSS 444 N. followed 
by NSS EM 1 and NSS 442 M 3. 

3) The property of thermal fatigue does not rely on its high temperature strength. All ferritic 
stainless steels exhibit good property of thermal fatigue comparing with austenitic stainless 
steel of SUS 304. This is due to the fact that ferritic stainless steels have lower thermal 
expansion than austenitic stainless steels. 
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Table 1 Chemical Compositions 

NSS444N Line 1 Elevated temperature fatigue; high temperature oxidation. 
NSS444N Line 2 Elevated temperature tensile strength; heat fatigue. 

Table 4 Tensile properties of various ferritic steels at various elevated 
temperatures 

0.2% proof stress; KGf / mm2 1 .9 

Pulling strength KGf/mm 2 3.5 

Stretch (%) 122.9 

Diaphragm (stop) (%) =100 



Fig. 6 0.2% Proof stress and Tensile properties of various ferritic steels at various 
elevated temperatures 

Vertical Axis: (bottom) Proof stress (kgf/mm 2 ); (top) Tensile strength (kgf7mm 2 ) 
Horizontal axis: Temperature (°C) 

Fig. 7 0.2% Proof stress and Tensile properties of various ferritic steels at 
Temperatures between 800 (°C) and 100 (°C) 

Vertical Axis: (bottom) Proof stress (kgf/mm 2 ); (top) Tensile strength (kgf/mm 2 ) 

Horizontal axis: Temperature (°C) 



Fig. 8 Reduction and elonation of various ferritic steels at various temperatures 
Vertical Axis: (bottom) Reduction (%); (top) Elongation (%) 
Horizontal axis: Temperature (°C) 



